ABSTRACT. Normal pulmonary arterial development in the relatively hypoxic intrauterine environment and pulmonary arterial remodeling in hypoxic infants include extension of the smooth muscle layer into normally nonmuscular arteries and thickening of the arterial media in the muscular arteries. These changes require proliferation of immature smooth muscle cells or differentiation of smooth muscle cell precursors. Because the mechanisms that regulate these processes have not been clearly defined, we asked whether decreased oxygen tensions could promote either hyperplasia or hypertrophy of smooth muscle cell precursors in vitro. We have studied cells that proliferate and migrate out of explants from the media of the pulmonary arteries of near-term bovine fetuses, because these cells are representative of those that are involved in normal arterial development and possibly also in arterial remodeling. Decreases in oxygen tension within and below the physiologic range do not cause hyperplasia or hypertrophy of these cells. Instead, cell proliferation decreased at oxygen tensions below 60 mm Hg. The effects of hypoxia on proliferation of aortic and pulmonary arterial smooth muscle cells were identical, but effects on proliferation of dermal fibroblasts and endothelial cells were smaller in magnitude and evident only at lower oxygen tensions. These findings suggest that hypoxia does not act directly on smooth muscle cells to produce increased quantities of these cells in the pulmonary arteries during normal prenatal development or during remodeling of the pulmonary arteries of the hypoxic neonate, implying that other factors mediate these phenomena. (Pediatr Res 20: 966-972, 1986) man infants (5-7). The proximal muscular arteries are remodeled by thickening of the tunica media, which may be caused by hypertrophy of medial smooth muscle cells (6), increased abundance of extracellular matrix (3), proliferation of SMC, and/or differentiation of their precursors (I). The peripheral nonmuscular and partially muscular arteries are remodeled by appearance of new smooth muscle in those vessels (I, 2, 4), a process that requires proliferation of SMC or their precursors. Proliferation and peripheral extension of the SMC in the media of the pulmonary arteries is also prominent in normal prenatal development (8, 9), and it has been suggested that the relative hypoxia of the intrauterine environment may be an important stimulus for this process (9).
ABSTRACT. Normal pulmonary arterial development in the relatively hypoxic intrauterine environment and pulmonary arterial remodeling in hypoxic infants include extension of the smooth muscle layer into normally nonmuscular arteries and thickening of the arterial media in the muscular arteries. These changes require proliferation of immature smooth muscle cells or differentiation of smooth muscle cell precursors. Because the mechanisms that regulate these processes have not been clearly defined, we asked whether decreased oxygen tensions could promote either hyperplasia or hypertrophy of smooth muscle cell precursors in vitro. We have studied cells that proliferate and migrate out of explants from the media of the pulmonary arteries of near-term bovine fetuses, because these cells are representative of those that are involved in normal arterial development and possibly also in arterial remodeling. Decreases in oxygen tension within and below the physiologic range do not cause hyperplasia or hypertrophy of these cells. Instead, cell proliferation decreased at oxygen tensions below 60 mm Hg. The effects of hypoxia on proliferation of aortic and pulmonary arterial smooth muscle cells were identical, but effects on proliferation of dermal fibroblasts and endothelial cells were smaller in magnitude and evident only at lower oxygen tensions. These findings suggest that hypoxia does not act directly on smooth muscle cells to produce increased quantities of these cells in the pulmonary arteries during normal prenatal development or during remodeling of the pulmonary arteries of the hypoxic neonate, implying that other factors mediate these phenomena. (Pediatr Res 20: 966-972, 1986) man infants (5) (6) (7) . The proximal muscular arteries are remodeled by thickening of the tunica media, which may be caused by hypertrophy of medial smooth muscle cells (6) , increased abundance of extracellular matrix (3), proliferation of SMC, and/or differentiation of their precursors (I). The peripheral nonmuscular and partially muscular arteries are remodeled by appearance of new smooth muscle in those vessels (I, 2, 4), a process that requires proliferation of SMC or their precursors. Proliferation and peripheral extension of the SMC in the media of the pulmonary arteries is also prominent in normal prenatal development (8, 9) , and it has been suggested that the relative hypoxia of the intrauterine environment may be an important stimulus for this process (9) .
The mechanisms that regulate proliferation and differentiation of SMC or their precursors in the fetus and newborn are unknown. Proliferation could be accelerated by hypoxia itself, as has been reported for fibroblasts (10, II), chondrocytes (12) , and embryonic myocardial cells (13) . We have examined the effects of oxygen tension on proliferation of SMC cultured from the pulmonary arteries of near-term bovine fetuses. At oxygen tensions within and below the physiologic range, lower oxygen tensions were associated with reduced proliferation of these cells, and cellular hypertrophy was not observed. These results suggest that although low oxygen tension may be a necessary stimulus, the direct effects of oxygen tension on SMC are not sufficient to account for the increasing quantity of smooth muscle in the pulmonary arteries during normal prenatal development and in association with hypoxemia.
METHODS
Hypoxia is associated with pulmonary hypertension and pulmonary arterial remodeling in newborn animals (1-4) and hu-Abbreviations DMEM, Dulbecco's modified Eagle medium FBS, fetal bovine serum SMC, smooth muscle cells Cell culture. SMC from near-term fetal, newborn, and adult bovine pulmonary artery and fetal bovine aorta were cultured by an adaptation of the explant technique (14) and characterized as described previously (15) . By electron microscopy, these cells had the clusters of plasmalemmal vesicles and bundles of thin (5-8 nm) filaments with associated dense bodies that characterize SMC (16, 17) . Filamentous bundles occupied less than 50% of the cytoplasm and were predominantly distributed near the side of the cell adjacent to the culture dish. The remainder of the cytoplasm was filled with free ribosomes, rough endoplasmic reticulum, and mitochondria. These features are typical of vascular SMC in the "synthetic" phenotype (16) .
Pulmonary arterial endothelial cells were cultured by gently scraping the endothelium off of the intimal surface of vessels obtained from near-term bovine fetuses and plating in serumsupplemented medium (18) . These endothelial cell cultures became confluent after 5 to 7 days and were selected by treatment with 3H-thymidine, as described by Schwartz (19) . These cells exhibited typical cobblestone morphology by phase microscopy (20) and stained specifically with acetylated low density lipopro-tein (21; provided by Dr. Robert Auerbach, University of Wisconsin) and with antibodies to Factor VIII (Accurate Chemical, Hicksville, NY) (20) .
Dermal fibroblasts were grown from fetal bovine skin using standard methods (22) . Cells were released from culture vessels by trypsin treatment and passaged as described previously (15) . All experiments used cells in the third passage after harvest from the primary culture. Experimental results did not differ for cells harvested on different occasions. Stocks were maintained in DMEM (GIBCO, Grand Island, NY) supplemented with penicillin (10 Vjml), streptomycin (10 JLgjml) , and 10% FBS (Tissue Culture Biologicals, Tulare, CA). Experimental cultures were grown in the same medium unless otherwise specified. All cultures were incubated at 37" C in a humidified atmosphere of 5% CO2• Regulation of ambient gas tensions. Chambers in which cell cultures could be incubated under a variety of ambient oxygen tensions were prepared by equipping plastic laboratory dessicators (Fisher Scientific, Pittsburgh, PA) with nipple fittings, providing an outlet to allow flushing the dessicator with gas mixtures. Achievement of positive pressure (15 to 30 em H 2 0) inside the dessicator was made possible by clamping the top of the dessicator to its base at its perimeter with binder clamps and attachment of the outflow tubing to an underwater seal. Positive pressure was maintained by closing both the inlet and outlet of each chamber, and was monitored with a water manometer. Humidity was maintained by placement of an open lO-cm Petri dish filled with distilled water in each chamber.
Standard gas mixtures, consisting of air with 5% CO 2 or nitrogen with 5% CO 2 , were blended in various proportions (using dual flowmeters with needle valve controls; Cole-Parmer, Chicago, IL) so that the chambers could be flushed with gas at selected oxygen tensions between 0 and 145 mm Hg. Each chamber was flushed with four times its volume of gas, so that the final gas tensions were theoretically 98% equilibrated with those of the flushing gas mixture. Gas samples were drawn into glass syringes (which were filled and emptied three times before the final sample was collected) by puncture of self-resealing rubber tubing, and oxygen and carbon dioxide tensions were measured using a blood gas analyzer (model 178, Corning, Medfield, MA). Gas tensions were reproducible and stable to within ±3 mm Hg). All chambers were flushed every 48 h during each experiment.
Measurement of gas tensions in the medium demonstrated complete equilibration with the gas in each chamber within I h after flushing ofthe chambers. Because the volume ofgas in each chamber was large relative to the volume of medium (more than 100-fold), equilibration with the medium had no detectable effect on partial pressures of oxygen or carbon dioxide in the gas phase.
Cell proliferation. Cells harvested from confluent cultures by trypsin treatment were replated into 35-mm tissue culture dishes (Becton Dickenson, Oxnard, CA) at an initial density of 2.5 x 10 3 cellsjcm 2 and placed in humidified chambers under various ambient oxygen tensions. At that time (day 0) and at intervals of I to 2 days thereafter, triplicate dishes for each condition were collected, rinsed, filled with NaCI (2 M)-phosphate (50 mM)-EDTA (2 mM) buffer (pH 7.4), and frozen at -20 0 C. When all samples had been collected, they were thawed, sonicated, and aliquots were taken for DNA assay by the bisbenzimidazole (Hoechst 33258, American Hoechst Corp., Sommerville, NJ) spectrofluorimetric method (23), using calfthymus DNA (Sigma, St. Louis, MO) standards, as described previously (15) . All samples for each experiment were assayed simultaneously using a single DNA standard solution. Standardization studies confirmed that the DNA content was directly proportional to the number of cells in each sample.
The protein content of the cell sonicate was determined by a modification of the Serva Blue G (Accurate Chemical, Hicksville, NY) spectrophotometric dye-binding method (24) . Each 700-JLI aliquot was added to 300 JLI of Serva Blue G (0.02%) in phosphoric acid (4 M)-ethanol (2 M). Bovine serum albumin in NaCIphosphate-EDTA buffer was used as a reference standard. The absorbance of each sample, relative to a reagent blank, was determined at 595 nm. The protein content of unknown samples was determined by interpolation of relative absorbance values on the curvilinear standard curve, allowing assay of samples with protein contents ranging from 2 to 60 JLgjml. Samples containing more than 60 p,g/ml were diluted 1:5 before assay.
Statistical analysis (25) . The DNA or protein content of each sample is expressed as the mean ± SD for at least three dishes. In Figures I to 6 , all error bars which are smaller than the symbols used to indicate mean values are omitted. The DNA or protein contents were initially compared by two-way analysis of variance and significant differences were further identified using one-way analysis of variance. Selected pairs of sample means were compared using Student's unpaired two-tailed t test. The Bonferroni correction was applied whenever such t tests were utilized iin multiple comparisons. Significance was assumed at p <0.05.
RESULTS

Effects of oxygen tension on cell proliferation.
Other reports (26-28) have suggested that proliferation of adult aortic SMC is more rapid in 5% than in 20% oxygen (Po 2 38 versus ISO mm Hg). We also found that proliferation of smooth muscle cells from adult bovine pulmonary arteries (as reflected in the DNA content of cultures after 10 days) was slower at oxygen tensions greater than 100 mm Hg than at 50 to 90 mm Hg (p < 0.01). No decrement in proliferation of cells from fetal or newborn bovine pulmonary arteries was apparent (Fig. I) . However, proliferation of SMC from each of these sources was progressively reduced as the oxygen tension was reduced below 50 mm Hg (p < 0.0005).
To better characterize the effects of oxygen tensions below 100 mm Hg, cultures offetal SMC grown at oxygen tensions ranging from 2 to 97 mm Hg (allowing P0 2 increments of20 rather than 30 mm Hg) were sampled at 2-day intervals. The rate of proliferation and the cell density achieved after 8 days were both reduced in cultures maintained at oxygen tensions below 50 mm Hg (p < 0.0005), and the greatest reductions were observed at
Oxygen Tension (mmHg) the lowest oxygen tensions (Fig. 2) . Proliferation ceased after 6 days in cultures incubated at oxygen tensions below 50 mm Hg, but continued for 8 days in cultures exposed to higher oxygen tensions. Changes in the protein content of these cultures were closely proportionate to changes in the DNA content at all oxygen tensions, indicating that cellular hypertrophy did not occur in response to altered oxygen tensions.
Cultured SMC maintained normal cellular morphology, without detachment, rounding, or vacuole formation, except in cultures maintained at extremely low oxygen tension (2 mm Hg) for 8 days, when many cells appeared spindly and pyknotic (Fig.  3) . In addition, the rate of cell proliferation was restored to control values when cultures were transferred to higher oxygen tensions (83.6 ± 0.8 mm Hg) after 5 days at low oxygen tension (10.4 ± 0.6 mm Hg; see Fig. 4 ). Although these "recovery" cultures continued to proliferate for 8 days, as did the control (i.e. high Po 2 ) cultures, they reached a cell density at 10 days which was only 80% of that in cultures continuously exposed to higher oxygen tensions.
Comparison with other cell types. Because the aortic and pulmonary arterial oxygen tensions differ (20-25 versus 25-30 mm Hg, respectively, in the fetus and 70-90 versus 40-45 mm Hg in the adult), one might hypothesize that cells from these vessels might exhibit differential responses to hypoxia. However, the effects of variation of ambient oxygen tension on proliferation of smooth muscle cells from the fetal aorta and pulmonary artery, as assessed by measurement ofthe DNA content ofculture dishes after 8 days in culture, were identical (Fig. 5) . In this experiment, there was virtually no proliferation of SMC incubated at the lowest oxygen tensions (1.4 ± 0.9 mm Hg); in several such experiments, SMC grown at oxygen tensions less than 3 mm Hg never exceeded three doublings.
In contrast to the effects observed with SMC, proliferation of skin fibroblasts was only modestly reduced at oxygen tensions between 20 and 50 mm Hg, and after 8 days at very low oxygen tension (1.4 ± 0.9 mm Hg) these cells had completed nearly five doublings, achieving a density that was 28% of that in control cultures (Fig. 5) . Pulmonary arterial endothelial cells were similarly tolerant oflow oxygen tensions (data not shown). Thus, the effects of oxygen tension on proliferation of arterial SMC were specific properties of these cells, rather than simply a generic property of fetal bovine cells in culture.
Effects of other culture conditions on cellular response to hypoxia. Because culture conditions can alter the in vitro cellular responses to many effectors, we analyzed whether changes in culture conditions altered the effect of hypoxia on proliferation of fetal pulmonary arterial SMC. Plating the cells at an initial density at which the cells were contiguous (20 x 10 3 rather than 2.5 x 10 3 cells/cm 2 ) did not alter the relative effects of different oxygen tensions on cell proliferation (Fig. 6A) . Reducing the concentration of FBS in the culture medium decreased the rate of proliferation, thus limiting the maximum density achieved at any oxygen tension and reducing the threshhold oxygen tension below which slower cell proliferation became apparent (Fig. 6B ). An optimal range of oxygen tension was not evident in DMEM supplemented with 5, 10, or 20% FBS (Fig. 6B) . In medium consisting of equal parts DMEM and F12 medium with 20% FBS, however, proliferation offetal pulmonary arterial SMC was greatest at an oxygen tension of83 mm Hg; cell densities achieved after 10 days were lower in cultures maintained at higher (p < 0.001) or lower (p < 0.0005) oxygen tensions (Fig. 6C) . Use of serum prepared from fetal bovine plasma, in which plateletderived growth factor is not detectable (15) , rather than FBS, did not alter these results (data not shown). These results indicate that although variation in culture conditions does affect cell growth, proliferation of SMC under each of these various conditions was consistently and progressively reduced at oxygen tensions below 50 mm Hg.
DISCUSSION
Proliferation of SMC or their precursors is a prominent feature of both normal in utero development (8, 9) and hypoxic remodeling (2-7) of the pulmonary arteries, but the mechanisms that regulate this process have not been clearly defined. To determine whether direct effects of hypoxia on immature or precursor SMC could account for the increased quantity ofsmooth muscle found in the pulmonary arteries of hypoxic young animals (2, 3) and infants (5-7), we studied cells cultured from explants from the ""' .
• .... Oxygen Tension (mmHg) Fig. 5 . Growth of SMC and fibroblasts at different oxygen tensions. Fetal bovine SMC and skin fibroblasts were cultured as in Figure 2 . Proliferation ofSMC from pulmonary artery (0) or aorta (e), as reflected by the DNA content of culture dishes after 10 days in culture, was inhibited at oxygen tensions below 60 mm Hg. The effects of oxygen tension on proliferation of pulmonary arterial and aortic SMC were identical. Inhibition of proliferation of fetal bovine skin fibroblasts (.) was apparent only at oxygen tensions below 40 mm Hg, and was smaller in magnitude than that observed for SMC at comparable oxygen tensions.
Differences between SMC and fibroblasts were significant (p < 0.005) at all oxygen tensions less than 50 mm Hg. The DNA contents of all samples are expressed as percentages of the content of control cultures (those incubated at 83 mm Hg) at 8 days. Days in Culture   Fig. 4 . Recovery ofSMC proliferation after hypoxia. SMC from fetal bovine pulmonary arteries were cultured as in Figure 2 at ambient oxygen tensions of 84 ± I mm Hg (0) or 10 ± 1 mm Hg (0) for 10 days, or at 10 mm Hg for 5 days followed by 5 days at 84 mm Hg (.). SMC proliferated more slowly and reached a lower cell density at 10 days when incubated at low oxygen tensions (p < 0.0005), but the rate of proliferation recovered when the cultures were returned to higher oxygen tensions after 5 days at low oxygen tension.
phenotype, contract in response to angiotensin II, and do not migrate, synthesize DNA, or proliferate (30) . After several days in culture, these cells acquire the ultrastructural features of the "synthetic" phenotype, markedly reduce their synthesis of smooth muscle specific a-isoactin, begin to incorporate 3H_ thymidine into DNA, and initiate logarithmic growth (30) (31) (32) (33) . When these cells are growth-arrested, either by serum deprivation or in postconfluent cultures, synthesis of smooth muscle specific a-isoactin recovers, indicating that cultured smooth muscle cells retain their capacity for cytodifferentiation (33) .
The explant method for culture of vascular smooth muscle (14) selects those smooth muscle cells in the arterial media that are capable of migrating out of the explant and proliferating immediately (34) . Outgrowth of cells from explanted fetal tissues is more rapid than is typical of adult arterial explants (Benitz WE, Bernfield M, unpublished observations), possibly because of the greater abundance of "immature" cells in fetal arteries (35) (36) (37) . We assume, therefore, that the cells obtained from fetal arterial wall explants are primarily representative of the population of "immature" or "undifferentiated" cells (34) . SMC cultured by the explant method (14) exhibit the characteristics of the "synthetic" phenotype (16) , which corresponds closely to that of "immature" or "undifferentiated" SMC in situ (35) . Thus, it seems reasonable to use these cells for studies of arterial growth, development, and remodeling in the fetus and newborn.
Effects ofOxygen Tension on SMC Growth. Culture of mammalian cells at reduced oxygen tensions has been reported to have variable effects on their proliferation, depending on the type of cell studied (38) (39) (40) (41) (42) . In a few instances, these in vitro effects can be correlated with the in vivo behaviors of the cells. The more rapid proliferation of fibroblasts in hypoxic regions of tissue during wound healing (43) may be reflected in the more rapid growth of these cells at oxygen tensions of 20 to 40 mm Hg in vitro (10, 11) . Chondrocytes proliferate more rapidly in the relatively avascular core of the developing limb bud (44) and in avascular growing mature cartilage, as well as at lower oxygen tensions in vitro (12) . Cardiac enlargement in hypoxic fetuses (45) may result, at least in part, from more rapid proliferation of embryonic myocardial cells at decreased oxygen tensions (13) . In contrast, although hypoxia leads to increased quantities of smooth muscle in the pulmonary arteries in vivo (1-7) , the current results show that low oxygen tensions inhibit proliferation of pulmonary arterial smooth muscle cells in vitro. Moreover, hypertrophy of these cells was not observed under hypoxic conditions.
Significance in Pulmonary Arterial Growth and Remodeling: Origin ofnew SMC in pulmonary arterial remodeling. The origin of the SMC that form the pulmonary arterial media during normal development has not been specifically studied. It is widely accepted, however, that developing systemic arteries acquire their smooth muscle investment from the surrounding mesenchyme early in embryogenesis and that smooth muscle hyperplasia is responsible for the increasing muscularity of these vessels during subsequent development in the fetus (35, 36) and young animal (35) (36) (37) (46) (47) (48) (49) (50) . The pulmonary artery likely acquires its muscular investment by similar mechanisms.
Extension of the smooth muscle investment into peripheral, normally nonmuscular arteries and medial thickening of the muscular pulmonary arteries are rather stereotypic responses to a variety of pulmonary arterial injuries (51) , but the origin of the new smooth muscle cells in injured pulmonary arteries has not been extensively studied. Studies of hypoxia-induced pulmonary arterial remodeling suggest that the new SMC in peripheral pulmonary arteries are derived from pericytes and intermediate cells (52) (53) (54) . Recent reports suggest that pericytes are biochemically and functionally differentiated cells that are distinct from SMC (55) (56) (57) (58) (59) . The new SMC in the small pulmonary arteries of hypoxic animals may be derived from intermediate cells and those in larger pulmonary arteries may be derived from smooth muscle cells already in the arterial media.
BENITZ ET AL. media of pulmonary arteries of near-term bovine fetuses. These studies demonstrate that low ambient oxygen tensions induce neither hyperplasia nor hypertrophy of fetal pulmonary arterial SMC in culture and that proliferation of these cells is, in fact, reduced as the oxygen tension falls below 50 mm Hg.
Origin and Phenotype ofCultured SMC. The phenotypic characteristics of cultured SMC are dependent on the methods used for isolation of these cells, the culture conditions, and the period for which the cells are maintained in vitro (16, 29, 30) . SMC obtained from arterial tissue by enzymatic dissociation have the biochemical characteristics of "mature" smooth muscle cells (31) (32) (33) , exhibit the morphologic features of the "contractile" Figure I , but in DMEM with 5% (0), 10% (0), or 20% (e) FBS. Reducing the concentration of serum decreased the rate of cell proliferation, limiting the maximum cell density achieved at any oxygen tension, and reduced the threshhold oxygen tension below which reduced proliferation became apparent. Growth was not altered by variation in oxygen tensions between 80 and 150 mm Hg in any of these media, but was reduced at low oxygen tensions in all three (p < 0.0005). C, fetal pulmonary arterial SMC were plated as in Figure I , but in equal parts DMEM and FI2 media supplemented with 20% FBS. Growth was modestly but significantly (p < 0.0005) reduced at oxygen tensions greater than 100 mm Hg, as well as at oxygen tensions below 50 mm Hg Proliferating SMC at sites of wound repair or in atheromata acquire the ultrastructural (16) and biochemical (50) characteristics ofthe "undifferentiated" or "immature" SMC ofdeveloping arteries. Thus, even adult vascular smooth muscle cells retain the capacity to modulate their phenotype between the "mature" or "differentiated" and "immature" or "undifferentiated" states (34) . The cells that respond to injury in mature arteries therefore may be the same ones that are responsible for development of the muscular investment in immature arteries.
Oxygen tensions in the pulmonary arterial wall in vivo: The minimum extracellular oxygen tension in the wall of the adult rabbit aorta is approximately 22 mm Hg, with corresponding intraluminal and subendothelial oxygen tensions of 70 and 37 mm Hg, respectively (60) . The oxygen tension in the wall of the fetal pulmonary artery is unknown, but extrapolation from intraluminal oxygen tensions of 16-18 mm Hg (61) suggests a minimum Paz in the range of 6-8 mm Hg and a subendothelial Paz of 8-10 mm Hg. Postnatally, the oxygen tension in the pulmonary artery lumen is 40-45 mm Hg, suggesting a minimal intramural Paz of 12-15 mm Hg and a subendothelial Paz of 20-25 mm Hg. Thus, the current experiments have been performed at oxygen tensions approximating those which might exist in vivo.
CONCLUSIONS
Although different experimental conditions, perhaps more closely analogous to those found in vivo, might allow hypoxia to promote smooth muscle hyperplasia, reduced proliferation of these cells was consistently observed with reduction in ambient oxygen tension under a variety of conditions. This was true whether the cells were initially contiguous (as they are in situ) or plated at low density. These results suggest that direct effects of hypoxia on proliferation of smooth muscle precursors are not sufficient to account for I) extension of the smooth muscle investment of the pulmonary arteries during intrauterine development, 2) the postnatal relative regression of muscularity of the pulmonary arteri~s (following delivery from the relatively hypoxic intrauterine environment), or 3) the increased mass of smooth muscle in the pulmonary arteries of hypoxic young animals and infants.
This conclusion implies that these phenomena are mediated by other factors. Hypoxia induces pulmonary arterial constriction, resulting in increased pulmonary arterial pressure and decreased pulmonary blood flow (62); these hemodynamic changes may be required stimuli for structural remodeling, as appears to be the case in mature rats (63) . Endocrine responses to hypoxia also may be important; catecholamines, for example, promote SMC proliferation in vitro (64) . Pulmonary arterial endothelium responds to changes in the ambient oxygen tension (65) (66) (67) and produces factors that promote and inhibit SMC proliferation (68) . Hypoxia could alter production or release of these mediators, and may thereby be a necessary (but indirect) stimulus for smooth muscle growth. The increased quantity of smooth muscle in pulmonary arteries following chronic hypoxia could result exclusively from hypoxia-induced differentiation of SMC precursors (such as pericytes [52] ) that are distinct from the SMC used in our experiments, or the behavior of these cells in vitro may not accurately reflect their behavior in situ. The data do not address these hypotheses.
These observations suggest another mechanism by which pathologic hypoxia might affect proliferation of pulmonary arterial smooth muscle cells in vivo. If the integrity of the arterial endothelium is disrupted by hypoxic-ischemic (69), endotoxininduced (70) , or other injury, the steep transendothelial oxygen gradient (60) may be greatly reduced or eliminated. If intraluminal arterial oxygen tensions return to or remain normal after the injury has occurred, the SMC ofthe media would be exposed to oxygen tensions of 40-45 mm Hg (16-18 mm Hg in utero), which are substantially higher than normal intramural oxygen tensions of 15-25 mm Hg (6-10 mm Hg in utero). Our studies suggest that these SMC would then proliferate more rapidly, even ifthe availability of other substrates and mitogens was not altered either by the stimulus itselfor by the endothelial injury. Although potentially operating under pathologic conditions, this mechanism would not account for the changes in pulmonary arterial muscularity that characterize normal development of these vessels.
